In this article we review Raman studies of defects and dopants in graphene as well as the importance of both for device applications. First a brief overview of Raman spectroscopy of graphene is presented. In the following section we discuss the Raman characterization of three defect types: point defects, edges, and grain boundaries. The next section reviews the dependence of the Raman spectrum on dopants and highlights several common doping techniques. In the final section, several device applications are discussed which exploit doping and defects in graphene. Generally defects degrade the figures of merit for devices, such as carrier mobility and conductivity, whereas doping provides a means to tune the carrier concentration in graphene thereby enabling the engineering of novel material systems. Accurately measuring both the defect density and doping is critical and Raman spectroscopy provides a powerful tool to accomplish this task.
Introduction
Modern semiconductor technologies rely on controlling dopants and minimizing defect generation during fabrication processes. Perhaps the most notable example being the p-n junction. In order to fabricate devices that exploit doping induced material modifications, methods capable of quantifying the doping level and defect density are required. Raman spectroscopy has been used extensively to characterize the strain, defect density, and doping levels in semiconductors, such as silicon, germanium, and gallium arsenide [1] [2] [3] . While silicon and other bulk semiconductors have driven research and technology for more than 50 years, carbonbased materials have begun to receive considerable attention in part due to carbon's natural abundance and a smaller electron wavefunction, which allows for smaller device footprints before quantum effects dominate [4, 5] . The low dimensionality of graphene and carbon nanotubes also allows for direct fabrication of one-and two-dimensional devices. As with semiconductor materials, Raman spectroscopy is a powerful tool for characterizing doping and defects of graphene, both of which play critical roles in determining its properties. In many cases graphene devices require the Fermi level to be controllably changed through doping without introducing defects that impede the performance.
In this paper, we review the Raman process in graphene (section 2) and the impact of defects and dopants, as well as a few device applications. Section 3 investigates structural defects such as edges, vacancy sites, and finitesized crystallites. Generally defects degrade the attractive aspects of graphene. Therefore, characterization techniques such as Raman spectroscopy are crucial for implementing any type of graphene-based technology. Edges also significantly alter the properties of graphene, but the effects can be engineered to be favorable, such as opening a bandgap. Doping provides a means to control many of the electronic properties of graphene, such as the carrier concentration and conductivity. Similar to semiconductors, this has opened the possibility to study fundamental physical phenomena like the quantum Hall effect [6] [7] [8] [9] as well as creating devices, including photodetectors [10] [11] [12] and field-effect transistors (FETs) [13, 14] . The dependence of the Raman signal on doping as well as several methods for doping graphene are discussed in section 4. Finally, several graphene devices that depend on doping and defects are discussed is section 5.
Overview of Raman scattering in graphene
Raman spectroscopy has proven to be an incredibly powerful tool for characterizing graphene flakes. It is commonly used to determine the number of graphene layers, the defect density, the edge chirality, strain, thermal properties, and the amount of doping [15] [16] [17] [18] [19] [20] [21] . More recently it has been used to determine the stacking order and the sheet mis-orientation in bilayer graphene [22, 23] . In this section the Raman process in graphene is reviewed. For a more detailed study of the Raman process in graphene, references [24] [25] [26] [27] are excellent resources.
Phonon dispersion and the Kohn anomaly
To understand the Raman modes in graphene it is important to start with the phonon dispersion, which is shown in figure 1. Since the graphene unit cell has two atoms, there are six phonon branches, three acoustic (A) and three optical (O) phonons. Four of the phonon branches are in-plane (i): two acoustic and two optical. The other two branches are out-of-plane (o). Depending if the direction of the zone-center mode is along the carbon-carbon (C-C) bonds or perpendicular, the modes are known as transverse (T) or longitudinal (L). The six phonon branches are labeled in figure 1 .
The iLO and iTO phonons are responsible for the main Raman bands observed in graphene. It is important to note that the iTO and iLO phonon energies are highly dispersive at the and K points. The phonon energy softening at these points is known as the Kohn anomaly [28, 29] and is often observed in metals. The Kohn anomaly is caused by the phonon energy renormalization due to electron-phonon coupling. In this process the phonon creates a virtual electron-hole pair that then re-combines and creates another phonon. As a result the phonon lifetime and energy are lowered. The degree to which the phonon energy is renormalized is determined by the strength of the electron-phonon coupling [24] . Ordinarily in crystals the electrons move adiabatically with the ions as the lattice vibrates. However, as the electron-phonon coupling increases the electrons no longer fully relax to their ground states during the lattice vibrations and therefore they no longer move adiabatically with the ions, which reduces the phonon energy [30, 31] . In graphene the Kohn anomaly can be suppressed by changing the Fermi level, which decreases the electron-phonon coupling [30, 32] . This will be discussed in more detail in section 4 . Figure 2 (a) shows a spectrum of a pristine graphene flake and the primary bands, G and 2D, or 2D , are labeled. A damaged flake is shown in figure 2(b) , which has several other Raman bands appearing, such as D, D , and their combination D+D . All these bands are discussed below.
First order and intervalley Raman modes
The main first order Raman band in graphene, known as the G band (∼1580 cm −1 ), is a doubly-degenerate in-plane sp 2 C-C stretching mode that belongs to the E 2g irreducible representation [33] . This band exists for all sp 2 carbon systems, including amorphous carbon, carbon nanotubes, and graphite, except the lineshape varies based on the sample quality [26] . The G band originates from phonons at the point in the center of the first Brillouin zone. Figure 3 (a) shows an illustration of the two G band stretching modes in graphene. The mechanism giving rise to the G band starts with an incident photon that resonantly excites a virtual electronhole pair in the graphene (figure 4(a)). The electron or the hole is scattered by either a iTO or a iLO zone-center phonon. The electron-hole pair then radiatively re-combines and emits a photon that is red shifted by the amount of energy given to the phonon, as shown figure 4(a). As can be seen from the phonon dispersions (figure 1), the phonons involved in this process have very little momentum (i.e. the process is at the point). For graphene and graphite these two modes are degenerate, but the degeneracy can be lifted by rolling the graphene sheet into a carbon nanotube, which splits the G band into the G + and G − bands [34] . In this way, the width of the G band can also be used to measure the deformation and strain on a sample [18] . The strongest peak in graphene is the 2D, or G band, (∼2700 cm −1 ), which is a second order Raman process originating from the in-plane breathing-like mode of the carbon rings ( figure 3(b) ). It belongs to the totally symmetric irreducible representation A 1 at the K (or K ) point in the first Brillouin zone. Figure 4 (b) shows a diagram of the Raman 2D process. The top panel shows the double resonance process in which an electron-hole pair is created by an incident photon near the K point. The electron is inelastically scattered by a iTO phonon to the K point.
Since the Raman process must conserve energy and momentum, the electron must scatter back to K before recombining with the hole. In the case of the 2D band the Relative Wavenumber (cm electron is back-scattered by a second iTO phonon. Of course, the same process can also occur for the hole instead of the electron. This process is known as double resonant (DR), because the incident or scattered photon and the first or second phonon scattering are resonant with electronic levels in the graphene. Alternatively, the 2D band process can also be triple resonant, which is shown in the lower panel of figure 4 (b). In this case, both carriers are scattered by iTO phonons from near the K point to the K point and recombine by emitting a photon. Experimentally the 2D band can be used to determine the number of graphene layers in a flake [16] . For single layer graphene (SLG), the 2D band is a single Lorentzian. However the 2D bands splits into four peaks in bilayer graphene (BLG) [16, 35] . Example spectra of the 2D band for SLG, BLG, and graphite are shown in figure 5 [25] .
2D Band
Another important band is the disorder-induced D band, which occurs near 1350 cm −1 for laser excitation energies of 2.41 eV [33] . This band involves an iTO phonon around the K-point like the 2D band. However, unlike the G or 2D bands, the D band requires a defect for the momentum conservation. In this case, the electron is inelastically scattered by an iTO phonon to the K point and then is elastically back-scattered to the K point by a defect [36] [37] [38] . Since only one phonon is involved in the process, the energy shift for the D band is half that of the 2D band. For the momentum conservation, a defect is any breaking of the symmetry of the graphene lattice, such as sp 3 -defects [39] , a vacancy sites [19, 40] , grain boundaries [41] , or even an edge [15, 42, 43] . The defect density can be controllably increased using ion bombardment [19, 40] , electron beam irradiation [44, 45] , or plasma fuctionalization [39, 46] . The Raman spectroscopy of defects is discussed in detail in section 3.
Intravalley Raman modes
The D and 2D bands discussed above are intervalley processes, since the process involves electronic states near both the K and K points. However, similar mechanisms exist for intravalley Raman processes [37] . Figure 6 shows a diagram of the 2D (or G ) and D modes. The D band (∼1620 cm −1 ) requires a defect, like the D band. 2D (∼3240 cm −1 ) is a two phonon process and the overtone of the D band. These bands are significantly weaker than the 2D and D band.
Dispersion
Raman processes associated with phonons in the interior of the first Brillouin zone in graphene can be dispersive, which is not the case for zone-center processes. In the case of the G band, the energy of the incident photon does not change the frequency of the phonon involved in the Raman process (see figure 7 (a)). However for DR bands, like the 2D band, the incident photon energy changes the frequency of the phonon that is involved. As the photon energy increases, phonons farther from K point are required for momentum conservation, as can be seen by comparing paths A and B in figure 7(b) . Therefore, measuring the 2D band as a function of excitation energy maps out the phonon dispersion relationship, which was demonstrated in [47] . The 2D band dispersion has been shown to continue into the ultraviolet spectral range [48] .
Raman characterization of defects in graphene
In the Raman spectra of graphene and other sp 2 carbon samples containing defects, several additional symmetrybreaking features are found. The feature with the highest intensity is usually the D band. The D band is associated with near-K point phonons [33] . Another common symmetrybreaking feature in the first-order spectrum is the D band near 1620 cm −1 , associated with near-(q = 0) point phonons, where q refers to the magnitude of the phonon wave vector (a) (b) Figure 8 . (a) Raman spectra of single layer graphene samples exposed to Ar + ion-bombardment with distinct ion doses. The data were obtained using a 514 nm (2.41 eV) laser line. The ion doses (in units of Ar + cm −2 ) are indicated next to each respective spectrum. (b) The plot I D /I G as a function of the average distance between point defects L D for samples exposed to distinct Ar + doses. Adapted with permission from [19] . Copyright 2010 Elsevier. [49] , as discussed in section 2. The D and D bands can also give rise to overtones and combination modes, thereby resulting in additional symmetry-breaking modes in the Raman spectra [50, 51] . The most common reasons for symmetry breaking are the presence of vacancies, interstitial atoms, and substitutional atoms, which can be intentionally introduced by ion implantation [19, 52] or by introducing interfaces at the borders of crystalline areas [33, 53] . In this section, we review the Raman spectra of defective graphene-like structures, showing how these disorder-induced Raman features can be used to quantify the amount of disorder in these systems. The section is divided into three subsections, each one dedicated to one particular type of defect, starting with point-like defects (section 3.1), continuing with edges (section 3.2), and finalizing with crystallite borders (section 3.3).
Point defects
A point defect is the simplest and most symmetric type of defect that can be generated in a graphene lattice. Because it is highly localized in real space, its spatial frequency spectrum is extremely broad. In other words, it is highly delocalized in the reciprocal space, thereby always providing the extra momentum necessary to satisfy the q ≈ 0 selection rule in one phonon Raman processes. In order to study the Raman spectrum of this important type of defect, Lucchese and collaborators generated a protocol for sample production using ion-bombardment, followed by scanning tunneling microscopy (STM) characterization [19] . This work deserves special attention, and in this section we summarize its main results. At the end of the section we review an extension of this work to Raman spectra of ion-bombarded samples using different laser energies [40] . Figure 8 (a) shows Raman spectra of single layer graphene samples intentionally damaged by Ar + ion-bombardment with distinct ion doses [19] . The ion-bombardment process was previously performed in HOPG samples and monitored by STM images, from which the defect density (n D ) was extracted as a function of the ion dose. From figure 8(a) it is clear that the Raman spectra of graphene, mildly disordered graphene, and very highly disordered graphene (close to amorphization) are distinctly different. The D band process is activated from the pristine sample (bottom spectrum) to the lowest bombardment dose ( [54] , who named the low-and high-disorder regimes as stages I and II, respectively. The mechanism that gives rise to these two stages in point-like defective samples was introduced in [19] , and is described in the following paragraphs.
To explain the I D /I G dependence on L D , Lucchese and collaborators proposed an activation model for D band scattering, as illustrated in figure 9 [19] . The model assumes that a single impact of an ion on the graphene sheet generates modifications on two length scales, denoted by r A and r S (with r A > r S ), which define, respectively, the radii of two circular areas centered at the ion impact point (see figure 9(a) ). The inner area defined by the radius r S , defines the structurally disordered S-region caused by the impact of the ion. For distances larger than r S , but shorter than r A , the Raman D figure 8 (a). Reprinted with permission from [19] . Copyright 2010 Elsevier.
band is activated and the lattice structure is preserved. For this reason, this region was called as 'activated' or A-region in [19] . In qualitative terms, a photoexcited electron-hole pair will be able to sense the structural defect if the excitation process takes place in a region sufficiently close to the defect site. In other words, a photoexcited electron-hole pair must reach the defective site during the time interval in which the Raman process occurs. Therefore, the difference r A − r S should be related to the correlation length of photoexcited electrons participating in the double-resonance mechanism giving rise to the D band. The physical picture for this correlation length has also been explored in other works [42, 43, [55] [56] [57] , and will be discussed in greater detail in section 3.2.
To understand the activation model, Lucchese et al performed stochastic simulations. Snapshots of distinct disorder levels are illustrated in figures 9(b)-(e) for the same Ar + ion concentrations as in figure 8 (a). This simulation process gave rise to a phenomenological equation on the form
(
The parameters C A = 4.2, C S = 0.87, r A = 3 nm, and r S = 1 nm were extracted from the fit of the experimental data according to equation (1) (solid line in figure 8(b) ) [19] . The C A parameter gives the maximum possible value of the I D /I G ratio in graphene, which would occur in a hypothetical situation in which the double-resonance process giving rise to the D band would be allowed everywhere in a perfect graphene layer. Looking at figures 9(b)-(e), we can picture that C A would be the value of I D /I G in a sample completely covered by green (activated A areas), with no red spots (structurally damaged S areas). C A is therefore related to the electron-phonon matrix elements, and the value C A = 4.2 is in rough agreement with the ratio between the electron-phonon oscillation strengths for the TO phonons evaluated between the K (related to the D band) and (related to the G band) points in the Brillouin zone [58] . The C S parameter corresponds to the opposite limit, that is, when a sample is completely covered by red (structurally damaged S areas), where a high-disorder limit is achieved. For larger values of L D (L D > 6 nm), a much simpler formula can be used:
where the proportionality constant A assumes the value of A ≈ 100 nm 2 for an incident laser wavelength of 514 nm. However, for the crystallite case discussed in section 3.3, the I D /I G ratio strongly depends on the excitation laser wavelength, and therefore the fitting parameters obtained in [19] have to be adjusted for other laser lines.
The dependence of the I D /I G on the excitation laser energy (or wavelength) was further explored in [40] . Figure 10(a) shows the I D /I G data (bullets) for monolayer graphene samples exposed to distinct Ar + ion doses (giving rise to different values of L D ). The three distinct experimental plots were obtained using three different laser energies (1.58, 1.96, and 2.32 eV). The lines are the fitting curves from equation (1), considering different values of C A (plotted in the inset (squares) as a function of the excitation laser energy (E L )). Notice that C A decreases as the laser energy increases, and this trend is associated with the dependence of the D band intensity on the phonon wave vector involved in the doubleresonance scattering process. The solid line in the inset of figure 10(a) is the fitting of the experimental data considering a dependence on the inverse fourth power of E L , giving
L . The same trend is observed in the Raman spectra of nanocrystallites, as discussed in section 3.3 [53, 59] . The E −4 L dependence is not yet understood, and may be restricted to the optical range. Although C S could present some dependence on excitation laser energy, the experimental data set did not allow for a clear determination of any type of dependence of C S on the excitation laser energy, and for this reason the authors have set C S for all values of E L used in this experiment. The fitting procedure also gives r A = 3.1 nm, and r A = 1 nm, in excellent agreement with the values obtained in [19] . Figure 10 We now turn our attention to the samples with L D > 10 nm (low defect density regime) for which L D > 2r A . In this regime, the total area contributing to the D band scattering is proportional to the number of point defects, and therefore we have (1) can be approximated as
By taking r A = 3.1 nm, r S = 1 nm, and also the relation
L , equation (3) can be rewritten as
In terms of excitation laser wavelength λ L (in nanometers), we have
Equations (4) and (5) are valid for Raman data obtained from graphene samples with point defects separated by L D 10 nm using excitation lines in the visible range [40] . The solid line in figure 10 is the plot of the product E
Edges
The crystallite borders in nanographitic samples form onedimensional defects. However, because the crystallites have different sizes and their boundaries are randomly oriented in real space, the wave vectors associated with the defective borders exhibit all possible directions and values in reciprocal space. Therefore, it is always possible to have a defect with momentum exactly opposite to the phonon momentum, giving rise to double-resonance processes connecting any pair of points (electron wave vectors) around the K and K points in the first Brillouin zone of graphite or graphene [36, 37] . Because the crystallite borders are isotropically distributed, the D band intensity is also isotropic and does not depend on the polarization direction of the incident or scattered fields. However, in the case of straight edges, the D band intensity is anisotropic because the double-resonance process cannot occur for any arbitrary pair of electron k vectors [15, 42, 56] . Since the defect in this case is completely delocalized along the direction parallel to the edge in real space, the associated wave vectors are completely delocalized along the direction perpendicular to the edge in reciprocal space, assuming all possible values in this direction. Therefore, a straight edge defect has a one-dimensional character and is only able to transfer momentum in the direction perpendicular to the edge.
In this section, a review of the D band scattering near graphene and graphite edges is presented. It will be shown how this momentum-related selection rule can be explored in order to define the atomic structure of the edges in the armchair or zigzag arrangements, as well as to quantify their local degree of order in polarized Raman experiments. At the end of the section we show that the D band scattering is strongly localized at the edges. The origin of the localization is discussed in terms of the correlation length of photo-excited electrons involved in the double-resonance scattering process. . Note that the armchair d a vector is the only one able to connect points belonging to equienergy contours surrounding two inequivalent K and K points. Adapted with permission from [15] . Copyright 2004 by the American Physical Society.
Influence of the atomic structure of the edges on the D band intensity.
Figure 11(a) shows three Raman spectra recorded at three different regions nearby the edges of a terrace in a highly oriented pyrolytic graphite (HOPG) sample. The inset to figure 11(a) shows a micrograph of the sample, indicating the positions of these three distinct regions. Whereas regions 1 and 2 are at step edges, region 3 is situated at an interior point of the HOPG sample. The polarization of the incident light is kept parallel to the edge direction in spectra 1 and 2. The G band (≈1580 cm −1 ) is measured in all three regions with approximately the same intensity. On the other hand, the disorder-induced D (≈1340 cm −1 ) and D (≈1620 cm −1 ) bands are observed in spectra 1 and 2, but not in spectrum 3, since spectrum 3 was taken at a pristine region with crystalline order (see inset to figure 11(a)). As shown in figure 11 (a), while the D band is remarkably different in spectra 1 and 2 (about four times less intense in spectrum 2), the D band intensity is roughly the same for both spectra.
Atomically-resolved STM images of the edges (shown in [15] ) revealed that edge 1, shown in the inset to figure 11(a), has an armchair structure, whereas edge 2 has a zigzag structure. Figure 11 (b) illustrates the idealized structure of the edges in a two-dimensional approach. The bold green lines highlight the edge structures (armchair for edge 1 and zigzag for edge 2). The wave vectors of the defects associated with these edges are represented by d z and d a for zigzag and armchair edges, respectively. Figure 11 (c) shows the first Brillouin zone oriented according to the real space representation illustrated in figure 11 (b). Note that the armchair d a vector is the only one able to connect points belonging to equienergy contours surrounding two inequivalent K and K points. On the other hand, d z cannot connect K↔K points in intervalley scattering, which explains why a much less intense D band is observed in zigzag edges. However, the d z vector is still able to connect K↔K or K ↔K in intravalley scattering. Since D band is activated by intravalley processes in which the defect wave vector connects points belonging to the same equienergy contour around the K (or K ) point [37] , the D band intensity must be independent of the edge structure. The experimental result shown in figure 11(a) confirms this assumption [15] , since the D band has a similar intensity in both spectra obtained from armchair and zigzag edges (spectra 1 and 2, respectively). The observation of a weak D band in spectrum 2, where it should be absent, can be justified by taking into consideration a realistic atomic structure of the edges, which cannot be expected to be perfectly zigzag or armchair along the whole extension. These residual variations on the atomic structure allow for the occurrence of defects with wave vectors not perpendicular to the edge [15, 42, 56, 57] .
The anisotropy in the D band intensity was extensively studied in [60] , where the authors performed statistical analysis on Raman images obtained from monolayer graphene samples with straight edges forming different relative angles to each other (figure 12) [60] . The upper and bottom images in figures 12(a)-(d) render the D and G band intensities, respectively. The images shown in panels (a)-(d) were obtained from distinct regions, each one containing a pair of edges with relative angles of 30
• , 60
• , 90
• , and 60
• , respectively. In all cases the green arrows indicate the polarization direction of the incident laser, and the G band intensity is uniform over the whole graphene area. In panel (a), the D band intensity is remarkably stronger in the upper edge when compared to the bottom edge. Since the relative angle between these two edges is 30
• , the authors concluded that the atomic structure of the upper and bottom edges should be predominantly armchair and zigzag, respectively. A similar situation is observed in panel (c), but in this case the edges form a relative angle of 90
• . In panel (b), the graphene piece presents two edges forming a relative angle of 60
• . In this case, the D band present similar intensities at both edges, following the six-fold symmetry of the graphene lattice (both edges must have the same preferential crystallographic orientation). A similar situation is observed in panel (d). However, the D Similar measurements performed on closely related armchair and zigzag graphene edges showing different D band intensity ratios have been shown in the literature [61, 62] . In [61] , the authors obtained direct determination of crystallographic orientation of a monolayer graphene sample by performing atomically-resolved STM imaging. Raman spectra obtained from the same sample ( figure 13(a) ) revealed that the D band measured at edges with preferential zigzag orientation is considerably less intense than at edges with preferential armchair orientation.
In [62] , the authors performed Raman analysis of monolayer graphene samples with holes produced by the etching of pits using carbothermal decomposition of SiO 2 . They produced two types of samples: one type with hexagonal holes, and another one with circular holes. While the hexagonal pits were proven (from prior STM measurements) to be composed of zigzag edges, the circular holes are formed by edges consisting of a mixture of armchair and zigzag segments (see illustration in the bottom part of figure 13(b) ). Accordingly, statistical Raman analysis performed in these two types of samples showed that the I D /I G ratio obtained from the boundaries of the hexagonal holes (zigzag edges) is up to a factor of 30 smaller than for the edges of round holes (see figure 13(b) ).
Polarization effects in D band scattering.
We now turn our attention to the dependence of the D band scattering intensity on the polarization of the incident and scattered light relative to the edge direction. Figure 14(a) shows the topographic image of a single graphene layer on a glass substrate [55] . Figures 14(b) -(d) present the corresponding Raman images showing the G, 2D and D band intensities, respectively. Notice that the G band intensity is roughly uniform along the graphene surface. A similar situation occurs for the 2D band, which is the overtone of the D band but does not require a disorder-induced process to become Raman active, since momentum conservation is guaranteed in two-phonon Raman processes [16, 35] . On the other hand, the D band can be detected only near the graphene edges. Figure 14 (e) shows Raman spectra acquired at two different locations (indicated in figure14(a)). The upper spectrum was acquired near the edge of the graphene layer, whereas the lower spectrum was recorded ≈1 µm from the edge. The D band appears only in the spectrum acquired near the edge, indicating that the graphene sheet is essentially free of structural defects. The Raman scattering spectra also reveal that the 2D band is composed of a single peak, which confirms that the sample is a single graphene sheet [16, 35] The thickness of the gray region around the K and K points in (g) illustrates the anisotropy on the optical absorption (emission) introduced in equation (6) . The absorption/emission of light has a maximum efficiency for electrons with wave vectors perpendicular to P , and is null for electrons with wave vectors parallel to P . Adapted from [55] .
from the side edges. In fact, this effect is not caused by the structural selective effect explained in the last section, but is associated with the relative direction between the polarization of the incident light and the edges, as explained below. In 2003, Grüneis et al predicted an anisotropy in the optical absorption and emission coefficients of graphene given by
where k is the wave vector of the electron (measured from the K or K point), and P is the polarization vector of the incident (scattered) field for the absorption (emission) process [63] . The thickness of the gray region around the K and K points in figure 14(g) illustrates the anisotropy on the optical absorption (emission) introduced in equation (6) .
As shown in the graphics, the absorption/emission of light in graphene has a maximum efficiency for electrons with wave vectors perpendicular to P , and is null for electrons with wave vectors parallel to P . As discussed in the last section, the one-dimensional double-resonance intervalley process giving rise to the D band restricts the wave vector of the scattered electron to the direction perpendicular to the armchair edge ( k 0 and k 0 in figure 14(g) ). However, according to equation (6), these electrons will only absorb/emit light efficiently if the polarization vector of the incident/scattered light is perpendicular to their wave vectors. By putting together these two selection rules, we reach the conclusion that a strong double-resonance process will only occur if the polarization vector of the incident light is parallel to the edge. As shown in figure 14 (g), this is the case for D band scattering that originates from the side edges of the graphene piece shown in figure 14(a) , which generate defects whose wave vector d s (see figure 14 (f )) connects electron wave vectors k 0 and k 0 that are located at maxima in the light absorption/emission efficiency around the K and K points, respectively. On the other hand, the top edge in figure 14 (a) generates defects whose wave vectors d t (see figure 14 (f )) connect electron wave vectors k 0 and k 0 which are located near nodes in the light absorption efficiency around the K and K points, respectively (see figure 14(g) ). This is the • with P ) is weaker than that obtained from the side edges, which are parallel to P . Notice that if the incident light polarization vector is perpendicular to the edge, D band Raman scattering cannot be observed even for armchair edges [15, 42, 57, 64] . The same arguments hold for the polarization vector of the scattered light. Figure 15 shows the dependence of the D band intensity on the polarization direction of the excitation field (similar plots can be found in [15, 42, 57] ). θ is defined as the angle between the edge and the polarization vector P of the incident and scattered lights. The circles and triangles are experimental data of the I D /I G ratio obtained at the armchair edges of a monolayer and a bilayer graphene, respectively. The data were obtained in the VV configuration, in which the P vector has the same direction for the incident and scattered lights. According to equation (6) , the coefficients of absorption (W abs ) and emission (W ems ) are both proportional to cos 2 θ , since the wave vector k of the scattered electron (measured from the K point) is perpendicular to the edge direction. Because the Raman scattering process involves absorption and emission of light, the D band intensity is expected to be proportional to cos 4 θ . The data is normalized to the maximum intensity, which happen to occur whenever the polarization vector P is parallel to the edges (θ = 2nπ , with n integer). The minimum intensity occurs for P perpendicular to the edges [θ = (2n + 1)π/2]. The solid line is the plot of cos 4 θ , in good agreement with the experiment. It should be noticed, however, that the minimum intensity is not exactly zero, being ≈10% of the maximum value in this case. This residual intensity is attributed to inhomogeneities of the edges, which are not perfectly armchair [15, 42, 56, 57] . Although this residual intensity is relatively low for edges found in exfoliated graphene samples, it can be considerably larger for edges generated by other methods such as ion-beam lithography [65] .
D band localization near graphene edges.
As previously discussed in section 2, the double-resonance process giving rise to the D band involves the inelastic scattering of a photoexcited π electron by a TO phonon [54] whose wave vector q lies near the vertices of the first Brillouin zone of graphene (K and K points) [36, 37] . Momentum conservation is only satisfied in the scattering process if the electron is elastically back-scattered by a defect providing a wave vector d ∼ − q. In this picture, it is physically sound to consider that the closer a photoexcited electron is located to the graphene edge, the higher the probability for that electron to be involved in the double-resonance process giving rise to the D band scattering. The phase-breaking length L φ of a conduction electron is defined as the average distance traveled before undergoing inelastic scattering [66] . Since the D band scattering involves the inelastic scattering of an electron or hole with a lattice phonon, the average distance D traveled by electrons or holes during the time interval in which the D band scattering process takes place should be proportional to L φ . In this section we review several efforts to probe the D band localization near graphene edges, as well as its relation to L φ . Figure 16 (a) shows an AFM (topographic) image of a graphene flake sitting on a glass substrate [43] . Figure 16(b) shows the G band intensity image over the same area. In order to probe the D and G band intensities along the graphene strip shown in figure 16(a) , a hyperspectral line scan was performed in steps of 100 nm along the 5 µm long dashed line shown in figure 16 (b). Two representative spectra are shown in panels (c) and (d). These two spectra were recorded at the locations indicated by the square and circle in figure 16(c) , respectively. The D band is only observed at the edges (spectrum shown in panel (d)) showing that the interior region of the graphene strip is pristine. The G and D band intensity profiles obtained from the hyperspectral scan performed along the dashed line shown in panel (b) are presented in figures 16(e) and (f ), respectively. The vertical dashed lines indicate the position of the edges. As the graphene piece is scanned through the laser focus, the G band intensity gradually increases to reach a maximum value at the interior region of the graphene piece. On the other hand, the D band intensity achieves maximum values when the laser focus is laterally positioned at the edges, indicating that the D band is highly localized near them. Because the intensity profile of the incident laser beam is described by a finite pointspread function (PSF), the Raman intensity profiles shown in figures 16(e) and (f ) are composed by the spatial convolution of the Raman material response (susceptibility derivative) with the spatial distribution of the incident light. Initial attempts to determine D experimentally used prior information about the PSF of the incident laser to deconvolve the D band response from the Raman intensity profile recorded at the edges of graphene samples [55, 57] . However, this method provided an upper limit of about 20 nm and is not accurate enough to determine D .
In [43] , a defocusing technique was introduced to extract D from the I G /I D ratio. The model is illustrated in figure 17(a) . The method is based on the following geometrical interpretation: while the G band intensity is proportional to the laser focus area, the D band intensity is proportional to the area [19] , the authors were able to obtain D ≈ 3 nm. This is in excellent agreement with the radius of the D band activation area in ion-bombarded samples reported in [19] , as discussed in section 3.1.
In [42] the authors explain that, since the phonon energȳ hω ph determines the energy uncertainty in a first order Raman process, the minimum value for the electron-hole pair lifetime is ω −1 ph (uncertainty principle). By using the relation D = υ/ω ph , where υ is the group velocity of the photoexcited electrons (also known as the Fermi velocity in graphene), the authors have found D ≈ 4 nm, in excellent agreement with the experimental results found in [19, 43] . However, this result corresponds to a lower limit determined by the energy-time uncertainty relation, since the phase-breaking length is expected to increase as the temperature decreases [67] . Accordingly, low temperature transport experiments have shown L φ ∝ 1/T 1/2 in graphene [68] . To probe the validity of this trend in the optical range, the defocusing technique was carried out at low temperatures in [43] , and the results are shown in figure 17(c) . The figure renders D as a function of T −1/2 , where T is the temperature of the sample located inside of a liquid helium cryostat. The dashed line is a linear fit giving D = 3 + 9/T 1/2 , in agreement with transport measurements [68] . This result shows that the limit D ≈ 3 nm is accurate for high temperature regimes. Recently, tip enhanced Raman spectroscopy (TERS) was applied for measuring D band localization near graphene edges, and a value of D = 4.2 ± 0.5 nm was derived [69] .
Borders of crystallites
Now we turn to the final defect class: one-dimensional defects represented by the borders of crystallites in nanographite samples. This story started in 1969 with the famous works of Tuinstra and Koenig [33] . The authors showed that the I D /I G ratio is inversely proportional to the crystallite size L a in polycrystalline graphitic samples, that is, I D /I G = C/L a , where C is a constant that depends on laser excitation energy E L . This so-called Tuinstra and Koenig relation can be understood in terms of a simple geometrical model, by considering square-shaped crystallites with sides measuring L a . The G band intensity in the Raman spectrum of such a crystallite varies as I G ∝ L Therefore, the overall ratio is given by
where α depends on appropriate matrix elements. In the limit L a D , simplification of equation (7) yields the TuinstraKoenig relation [33] 
where the empirical constant C(E L ) depends on E L . It should be noticed that equation (8) Although the dependence of the constant C(E L ) on E L has been known since 1984 [70] , the quantitative determination of C(E L ) was achieved with experimental data obtained from nanographites with different L a values [53] . Figure 18 Figure 18(b) shows the Raman spectra obtained from samples of different crystallite sizes L a using the same excitation laser energy E L = 1.92 eV. All spectra in panels (a) and (b) were normalized to the G band intensity, and the L a sizes were determined by using both STM and x-ray diffraction measurements [53] . figure 19(b) , the authors obtained a relation to estimate L a from the Raman spectrum of polycrystalline graphitic samples with L a 10 nm using any laser line in the visible range [53] :
where the laser excitation is given in terms of E L (eV), or the corresponding wavelength λ L (nm).
In [59] , the differential Raman cross section of the D, G, D , and 2D bands of nanographites was obtained as a function of both excitation laser energy and crystallite size. The G band cross section was shown to be proportional to the fourth power of the excitation laser energy E L , as predicted by the Raman scattering theory. For the D, D , and 2D bands, which originate from double-resonance processes, the differential cross section did not show a considerable dependence on E L . Together, these two measurements explained the strong dependence of the ratio I D /I G on E L . The Raman scattering efficiency has also been measured in single layer graphene samples, and similar results were achieved for the G and 2D bands [71] .
Raman characterization of doping in graphene
At its foundation, the importance of semiconductor materials in modern technology stems from the tunability of the electrical properties, such as carrier concentration, carrier mobility, and conductivity. Controlling these aspects of semiconductors has given rise to transistors, p-n junctions, and free-electron gases. Similarly, much of the interest in graphene originates from the tunability of the electrical properties. In fact graphene is far more sensitive to changes in carrier concentration than semiconductors such as silicon, which can be understood from the linear electronic dispersion in graphene. Sketches of the Dirac cone with no doping, hole doping, and electron doping are shown in figure 20 . Since the conduction and valence band intersect at the Dirac point, intuitively the Fermi level must be extremely sensitive to the carrier concentration. This sensitivity can be clearly seen by comparing the dependence of Fermi level, E F , on the carrier concentration, n, for graphene and a two-dimensional free electron gas (2DEG), as shown in figure 21 (a). For SLG, E F =hv F π √ n, where v F is the Fermi velocity. In bilayer graphene (BLG) E F ∝ n, which means BLG is far less sensitive to doping than SLG at the achievable values of n. Therefore, any property of graphene that relies on the carrier concentration, such as the optical conductivity [72] and the carrier mobility [17] , can be widely tuned (see figures 21(b) and (c)). For large enough doping levels interband transitions are forbidden due to Pauli blocking. In this case, a transparency window in the absorption opens and intraband processes are more easily observed [73] . An important example of this are plasmons in graphene [72] . For plasmons, doping is even more significant since the carrier concentration determines the plasma frequency of a material [74] , and allows the plasma frequency in graphene to be tuned [72] . The methods for altering the electrical properties of graphene are broadly referred to as doping techniques. In the following section, Raman characterization of doped graphene as well as several doping methods are discussed.
Raman characterization of doped graphene
While there are several methods for measuring the doping level in graphene, this article focuses on Raman spectroscopy. As discussed earlier, there are three main Raman features in graphene: the G, 2D, and D band. Since the D band requires a defect to be Raman active, it is generally not used to characterize doping. The G and 2D bands are both strongly influenced by the carrier concentration and they have been extensively studied for doping characterization [17, 31, 75, 76] . For additional information, [24] also reviews Raman spectroscopy of doping in graphene.
The width and position of the G band change with doping. These changes are related to electron-phonon coupling and the Kohn anomaly. The frequency of the G band reaches a minimum when the Fermi level is at the Dirac point and the Raman shift increases as the concentration of holes or electrons increases, as shown in figure 22(a) . The G band width decreases symmetrically as the concentration of electrons or holes increases ( figure 22(b) ). There are two effects that determine the position of the G band. The lattice constant increases (decreases) for electron (hole) doping resulting in a stiffening (softening) of the phonon energy. The second effect is related to the Kohn anomaly at the point in the phonon dispersion (see figure 1) . As discussed in section 2, the Kohn anomaly originates from strong electron-phonon interactions and the strength of those interactions depends on the Fermi level. Figures 23(a) and (b) show sketches of the phonon renormalization process via the creation of virtual electron-hole pairs. Increasing E F inhibits the creation of electron-hole pairs, which suppresses the perturbation of electrons and phonons. Due to the linear electronic dispersion in graphene, this term is symmetric with respect to E F , and for large doping levels the frequency shift is ∝ |E F |. The contribution from the change in the lattice constant is asymmetric with respect to E F and the combination of the two terms leads to the profile shown in figure 22(a) .
The doping dependence of the G band width is also caused by the electron-phonon coupling, which is expected since the G band width is predominately determined by electronphonon scattering. Phonon-phonon scattering adds only a small contribution [24] . Electron-phonon scattering results in G band phonons decaying into electron-hole pairs. As the Fermi level increases, Pauli exclusion reduces the number of electronic states that are available as decay pathways, which results in G band narrowing. The G band width reaches a minimum once the Fermi energy exceeds half the phonon energy, as shown in figure 23(b) . At room temperature the narrowing is smooth. However, at low temperature the G band width is constant for |E F | <hω G and above |E F | >hω G there is zero damping due to the phonons decaying into electronhole pairs [30, 32] .
The position of the 2D band also depends on E F . However, unlike the G band the contribution is only due to changes in the lattice constant. While there is a Kohn anomaly at the K-point as well, the iTO phonons involved in the 2D band process are too far from the K-point for the Kohn anomaly to contribute. The 2D band position increases (decreases) as the hole (electron) concentration increases, as in the case for the lattice constant term in the G band position [17] .
In addition to the changes in the width and position of the bands, the relative intensity of the G to 2D bands also changes, as shown in figure 22(d) . At low doping levels the G band integrated intensity is independent of E F , while the 2D band intensity decreases as |E F | increases. Since all the intermediate states of the 2D band are resonant with electronic levels (see figure 4) , its intensity is sensitive to electron-phonon coupling. The 2D band scattering rate has an electron-phonon and an electron-electron contribution. The electron-phonon scattering rate is independent of carrier concentration since the process is far from the Kohn anomaly, but the electron-electron scattering rate does depend on E F (γ ee ∼ 0.07|E F |) [77] . Therefore, by tuning E F and measuring the integrated intensity of the 2D band, the electron-phonon scattering rate, γ ep , can be determined [76] . While measuring absolute Raman intensities can be difficult [59, 71] , the electron-phonon scattering rate can also be determined from the ratio of the 2D and G peak areas, A(G)/A(2D), using the equation,
It is important to note that the independence of A(G) on E F and equation (10) are only valid for low doping levels [78] , which will be discussed shortly.
Raman decay pathways and quantum interference.
Earlier, G band narrowing for increased doping was presented as the result of decay pathways being removed. While this is a valid description, it fails to take into account any potential interference effects between the different G band scattering pathways. The impact of quantum interference on Raman scattering in graphene was theoretically investigated in [79] and experimentally in [80] . In [80] the graphene flake was strongly doped using an ion-gel gate, which is described below, and the flake was illuminated with a continuous-wave laser with excitation energy of E ex = 1.58 eV. As E F was increased, the integrated intensity of the G band, A(G), remained constant for low doping levels, in agreement with [76] . However as |E F | approaches E ex /2, A(G) increases significantly, reaching a maximum at 2|E F | = E ex −hω G /2 ( figure 24(a) ). As discussed above, the G band has several decay pathways, which are illustrated in figure 24(b). As |E F | increases, pathway II is eliminated, which would result in a decrease in A(G) if there were no interference between paths I and II. Therefore the increase in A(G) is indicative of quantum interference and suggests that paths I and II are out-of-phase and destructively interfere, as shown by the phase plot in figure 24(c) . For low doping levels the removal of decay pathways results in a narrowing and an amplitude increase of the G band, which leads to A(G) being constant. The 2D band also shows quantum interference, but in this case the pathways are in-phase and interfere constructively. As a result A(2D) decreases as |E F | increases ( figure 24(d) ). Figures 24(e) and (f ) show two paths for the 2D and the phase of the Raman amplitude, respectively. The phases plotted in figures 24(c) and (f ) are the complex phase of the resonance factor, R k , in the Raman intensity equation,
where C k is the Raman matrix element [80] . 
Doping of bilayer graphene.
Several doping effects have been observed in BLG. The first is similar to the Kohn anomaly in SLG, and [81] showed that there are singularities in the phonon energy at E F =hω G , as shown by the dotted vertical lines in figure 25 (a). Observing these two anomalies requires a uniform carrier concentration, because local charge variations reduces the depth of the anomalies, E A . The second effect for the G band is quite different from SLG. The in-plane Raman modes can be in-phase or out-of-phase between the sheets, which leads to a symmetric (in-phase) and antisymmetric (out-of-phase) phonon modes. However for a phonon mode to be Raman active it must change the polarizability of the material. For the symmetric mode, the vibrations are in-phase, and therefore it is Raman active. However the antisymmetric mode is not Raman active since it is centro-symmetric and the polarizability change between the two sheets cancels. For the antisymmetric mode to become Raman active the centro-symmetry must be broken by modifying one sheet with respect to the other. This can be accomplished by applying an asymmetric doping between the two sheets, which results in a doping dependent splitting of the G band (see figures 25(b) and (c)), as shown in [82, 83] . The solid lines are the theoretical predictions [84] . The observed G band splitting can only be observed for even numbers of layers, since odd numbers of layers are mirror symmetric, instead of centro-symmetric, and the antisymmetric mode is already Raman active [83] . This type of study can be extended to study interlayer interactions in BLG by modulating the gate voltage in combination with Raman spectroscopy [85] . [84] . Adapted with permission from [82] . Copyright 2008 by the American Physical Society.
Doping dependence of defective graphene.
As illustrated in the previous sections, Raman spectroscopy has been used extensively to study defects and dopants in graphene. Recently several groups have begun investigating doping effects in defective samples, which is crucial for understanding graphene devices [86] [87] [88] . In [86, 88] as a function of V g for sp 3 defects. In this case the effect is attributed to a chemical functionalization of the graphene. The applied voltage breaks the water molecules under the graphene flake into H + and OH − groups which react with the graphene. As V g increases more water molecules are split, which results in a stronger reaction and more defects. Adapted with permission from [87] . Copyright 2014 Springer.
voltage. In this case the defect density is predetermined by the ion bombardment, and Raman measurements are studying the dependence of the D band on the Fermi level. In [87] the gate voltage leads to a chemical reaction, which creates the defects in the graphene flake. In this geometry the Raman spectroscopy is primarily measuring the density of created defects opposed to the intrinsic properties of the D band. The experiments are discussed in more detail below.
The experiment presented in [88] was conducted by ion bombarding a gated graphene sample and measuring the dependence of I (D) as a function of gate voltage for different defect densities. Figure 26 shows the measured hyperspectral map of the Raman bands as a function of E F for a sample with a defect density of n D ∼ 4.4 × 10 11 cm −2 . The dependence of the G and 2D bands are in agreement with the results on pristine samples discussed earlier. The most prominent change in the D band as a function of |E F | is the intensity of the peak. Notice that a similar intensity change is observed for the D , 2D, and 2D (or G ) bands. These bands are all double resonant (DR) processes and therefore interact more strongly with electronic states than the G band. Within the DR framework, [88] interprets this behavior as the result of the electron-electron scattering rate γ ee increasing, since γ ee ∝ |E F |, as discussed previously. Bruna et al [88] builds on the Tuinstra-Koenig relationship for quantifying defect densities [33] , which was extended to include the dependence on the excitation laser wavelength [40] , as discussed in section 3.1. In this case equation (4) is modified and L 2 D can be expressed as,
This model is valid in the regime spanning from crystalline graphene to nanocrystalline graphene, which is the region of interest for graphene applications. Note that I D /I G refers to the peak intensity, not the integrated area. Liu et al [86] observes the same behavior for the D band, but the results are interpreted as a quantum interference effect, similar to [80] .
The doping dependence of the D band was also studied in [87] . As mentioned above, in this experiment the gate voltage creates the defects and therefore as V g increases the D band signal increases. and the results are shown in figure 26(b) . The proposed mechanism is that the applied voltage leads to sp 3 sites in the graphene sheet through an electrochemical reaction between the water molecules trapped between the substrate and the graphene sheet. The electric field disassociates the water molecules and OH − groups attach to the graphene sheet. As the gate voltage increases more water molecules disassociate into OH − groups that can react with the graphene sheet, which increases the density of sp 3 defects. The A(D)/A(G) ratio of the integrated peak areas are shown in figure 26(b) .
Doping methods
In this subsection we divide doping methods into several categories: electrostatic doping, contact doping, chemical doping, substitution doping, and optical doping.
In electrostatic doping the carrier concentration is tuned by exposing the graphene sheet to an electric field that is typically generated by a gate potential. Contact doping is similar, but the electric field is due to the work function difference between the graphene sample and the contact material. Chemical doping involves exposing the graphene flake to gases or liquids that adsorb onto the surface. The adsorbed molecules act as donors/acceptors. In substitutional doping, carbon atoms in the graphene lattice are replaced with atoms that have a different number of electrons, as is commonly done with conventional semiconductors. Finally, several groups have demonstrated recently that graphene can be doped through a variety of optical processes. It is important to note that chemical and substitution [89] , whereas electrostatic and contact doping only change the Fermi level. However, electrostatic doping is tunable and reversible. The various doping methods are discussed in detail in [90] [91] [92] [93] .
Electrostatic doping.
The most common doping technique is electrostatic doping. The main advantages of electrostatic doping are that the doping level is tunable and it can readily be integrated into more complicated device architectures. Generally these devices consist of field-effect transistors (FETs) made with graphene. The two most common fabrication methods involve depositing a graphene flake onto a doped silicon wafer with a ∼300 nm thermal oxide layer. Source-drain electrodes are evaporated onto the graphene flake, and the silicon substrate is used as the back-gate [6, 94] . This approach typically achieves doping levels of E F ≈ 0.3 eV [95] . Alternatively, the device can also be top-gated by applying an electrolyte polymer gel [96, 97] . Since the gel creates a Debye layer of only a few nanometers, the electric fields are much higher, which results in much higher doping levels ( E F ≈ 0.8 eV [17] ) and lower gate voltages. The dependence of carrier concentration on gate voltage can be expressed as,
where C is the geometrical capacitance. For a thin spacer layer, like ion-gels and tunneling gaps in scanning tunneling microscopes [98, 99] , the first term in equation (12) can add a significant contribution. [75, 100] . This effect can be much stronger when the graphene flake is in contact with a metal surface. In this case the work function difference between the graphene and metal leads to an inherent electric field at the interface, as shown in figure 27(a) . Figure 27 (b) shows a theoretical plot of the doping of graphene due to metals with different work functions [101, 102] . Note that contact doping also depends on the separation between the metal film and the graphene flake. Metals with a higher (lower) work function p-dope (n-dope) the graphene. This was experimentally demonstrated in [103] , and the Raman spectra for graphene deposited on Co and Ni are shown in figures 27(c) and (d), respectively. The spectra of the SLG flakes before and after the metal deposition are shown in blue and black, respectively. The doped spectra is inverted to show the spectral shift. It is important to note that the substrate can also strain the graphene flake, as is the case for gold substrates. Strain also strongly influences the Raman peaks and therefore care must be taken when calculating contact doping for a graphene flake [103] based on Raman results.
Chemical doping.
Another common type of doping is chemical doping. In this case a molecule adsorbs onto the surface and acts as a donor or acceptor, resulting in an n-or p-doped flake. These treatments include acids, metal chlorides, and organic molecules among other methods. While a variety of acids have been used, nitric acid is commonly used to p-dope graphene [104] . In the case of metal chlorides, the doping is due to the work function mismatch as in the case of the contact doping discussed above. One draw back to this approach is that it reduces the transparency of the graphene flake. However, this can be avoided by using organic molecules instead of metals [93] . Besides the methods highlighted above, graphene can also be p-doped using water [94, 105] or ndoped using ammonia [94, 106] and NO 2 [107] [108] [109] . Another exciting chemical doping technique involves intercolaging graphene sheets. In [110] graphene sheets were intercolated with iron chloride, known as GraphExeter, to produce carrier concentrations as high as ∼9 × 10 14 cm −2 while maintaining a high carrier mobility.
Heteroatom doping.
In heteroatom doping some of the carbon atoms in the graphene sheet are substituted with other atoms. Generally either nitrogen or boron are used due to their similar atomic masses, which leads to n-and pdoping, respectively [89, 91] . Nitrogen substitutional doping has been accomplished by thermal annealing and chemical vapor deposition using NH 3 [90] . Nitrogen doping is a particularly active research area, because it can open a bandgap in the graphene, thus allowing it to behave like a conventional n-type semiconductor with low mobility and conductivity [89] . Unfortunately nitrogen doping also tends to introduce defects in the graphene flake [91] . Therefore Raman spectroscopy is particularly important for characterizing these type of samples.
Optical doping.
An interesting category of doping that has been recently demonstrated is optically induced doping. This has been accomplished in several ways. In the first case a material is deposited on the graphene flake and subsequently excited optically. The excited carriers can tunnel into the graphene flake from the other material, resulting in a Fermi level shift. Some examples of this are hot electron donation from plasmons [111] and holes donated from quantum dots [112] and certain organic molecules [113] . In addition to these techniques, it has also been demonstrated that graphene can be directly doped by exposing it to light [114] . This result suggests that Raman spectroscopy is not always a non-invasive method for probing the electrical properties of graphene. Photoinduced doping has recently been used in grapheneboron nitride heterostructures to make writable doping features [115] . Both of these techniques rely on defects or charge traps in the substrate and are not present in suspended graphene samples. Laser-based techniques have also been used to create nitrogen doped graphene from graphene oxide [116] .
Importance of defects and dopants for devices
Graphene is being explored for a wide variety of devices and applications, many of which are discussed in [11, 117, 118] . Many of these applications require controlling the electrical properties of graphene as well as minimizing the defect density, which degrades the electrical properties such as mobility and conductivity. In the following section several graphene applications that require doping or well-characterized defect densities are reviewed. As will be shown, Raman spectroscopy is an invaluable tool for characterizing these type of devices.
Flexible transparent electronics
Given its mechanical, optical, and electrical properties, graphene is a natural candidate for flexible transparent electronics, the figures of merit being the sheet resistance and the transparency. The intrinsic sheet resistance of graphene is ≈6 k cm −2 [11] . However, as discussed above this can be lowered significantly through doping. While the electronic properties of graphene are excellent, graphene-based devices have not surpassed the industry of standard indium-tin-oxide (ITO) films for consumer electronics. Furthermore, in order to mass-produce devices, either CVD or chemical exfoliation techniques are required, which are currently of lower quality than mechanically exfoliated flakes [117] . However, graphene does have an advantage due to it's material strength and flexibility for applications such as e-paper or wearable electronics. These types of devices require the graphene to be highly doped to minimize the sheet resistance and, for optimum performance, the defect density should be kept at a minimum. The interpolation of graphene with iron chloride opens up very attractive applications. These materials can have sheet resistances of >9 cm −2 and 84% transparency. Konstantin et al [117] discusses many of these applications in more detail.
Photonics and plasmonics
Recently graphene has been extensively explored as a platform for photonics and plasmonics. Due to its unique electron dispersion relation, graphene is inherently broadband and a tunable transparency window can be opened by controlling the doping level [73] . Furthermore, a bandgap can also be opened by nitrogen-doping SLG [89] . In BLG, applying an electric field creates a tunable bandgap in the mid-infrared [119, 120] . Optical modulators using SLG and BLG have been created with bandwidths exceeding 1 GHz [121, 122] . Both high-speed and high-efficiency photodetectors have been demonstrated in graphene FETs [10, 12, 112] . The responsivity is controlled with the carrier concentration defined by the gate voltage. In the case of [112] , quantum dots are used as an absorber to increase the efficiency.
Another area of growing research is graphene plasmonics. According to the Drude model, the plasma frequency is determined by the carrier concentration. In conventional metals, such as Au, this parameter is fixed. However, as discussed above, it is tunable in graphene, which means that the plasmonic characteristics of graphene can be controlled [72, 118, 123] . Unfortunately, due to the limitations on achievable doping levels, currently these applications are restricted to the infrared. However, graphene plasmonics is ideal for terahertz applications and tunable detectors have already been demonstrated [124] . Researchers have also demonstrated visible photodetectors by using graphene in conjunction with metal antennas [111, 125, 126] . Plasmons in doped graphene have also been directly imaged at the nanoscale [127, 128] .
Electrochemical sensors
As discussed in section 4, chemicals that adsorb onto the surface of graphene can result in charge transfer, thus doping the graphene. Instead of using this as a doping method, it can be used as a chemical sensor. Given the large surface area and sensitivity to doping, graphene is a logical material for sensing applications. Electrochemical sensors operate by exposing an electrode to a gas. The gas reacts at the surface of the electrode by either oxidizing or reducing, which results in a current across the electrodes. By functionalizing the electrode with reagents allows for chemically specific detection [129] [130] [131] [132] . Graphene has been used in biological applications such as glucose, dopamine, and DNA detection [132, 133] . Graphene electrodes have also been used to detect a wide variety of chemicals, including nitrogen dioxide, hydrogen peroxide, carbon monoxide, water, and ammonia with sensitivities as low as a few parts per billion [130] . As with other graphene-based applications, fabrication cost is important. Currently the most common approach is to use reduced graphene oxide (rGO), since it can be produced through chemical exfoliation from graphite [134] [135] [136] [137] . Compared to exfoliated or CVD graphene, rGO also has a higher defect density, which reduces the conductivity of the graphene electrode and increases the number of chemical attachment sites [130] . The increased number of attachment sites makes rGO more suitable as a chemical sensor than pristine graphene. However, the sp 3 defect sites require annealing to remove the adsorbed chemical, opposed to simply removing the gas [137] .
Heterostructures
In addition to graphene, many other 2D materials have been discovered and studied, each with unique physical properties. Currently many groups are investigating 2D heterostructures to make hybrid materials. Perhaps the best example is graphene on hexagonal boron nitride (hBN), which serves to insulate the graphene flake from the environment. Recently researchers have also demonstrated hBN encapsulated graphene [138] , for which defects in hBN become important for device properties. Beyond graphene and hBN, considerable effort has been invested in chalcogenides, such as MoS 2 and WS 2 , which exhibit bandgaps in the visible. Obviously, controlling E F in graphene is a valuable parameter for fabricating these heterostructures. Geim and Grigorieva [139] provides an excellent outlook on this topic.
Summary
In this article we have discussed the importance of Raman spectroscopy for understanding the electrical and structural properties of graphene through defects and dopants. Generally for graphene devices, defects degrade the beneficial properties while dopants allow for tunability and control of physical properties. Nevertheless, in certain applications, such as gassensors, defects can also be beneficial. Recently, researchers have begun to explore samples with both defects and dopants that will hopefully deepen the understanding of graphene and allow new types of applications to be explored. As more complicated graphene devices are being fabricated in conjunction with other 2D materials, the need for quantitative Raman characterization will increase. However, there is also an increasing need for Raman techniques that can probe material properties at the nano-scale in order to understand the local behavior of electrons and phonons in graphene. Tipenhanced Raman spectroscopy (TERS) has been used with great success on carbon nanotubes and is now being applied to graphene samples. As the resolution of TERS continuous to improve, it presents a viable way to quantitatively study local material properties.
